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Axon guidanceent in chick, axons pause in a plexus region for approximately 1 day prior to
invading the limb. We have previously shown that this “waiting period” is governed by maturational changes
in the limb. Here we provide a detailed description of the spatiotemporal pattern of Raldh2 expression in
lumbosacral motoneurons and in the limb, and show that retinoid signaling in the limb contributes
signiﬁcantly to terminating the waiting period. Raldh2, indicative of retinoid signaling, ﬁrst appears in
hindlimb mesenchyme near the end of the waiting period. Transcripts are more abundant in connective
tissue associated with predominantly fast muscles than predominantly slow muscles, but are not expressed
in muscle cells themselves. The tips of ingrowing axons are always found in association with domains of
Raldh2, but development of Raldh2 expression is not regulated by the axons. Instead, retinoid signaling
appears to regulate axon entry into the limb. Supplying exogenous retinoic acid to proximal limb during the
waiting period caused both motor and sensory axons to invade the limb prematurely and altered the normal
stereotyped pattern of axon ingrowth without obvious effects on limb morphogenesis or motoneuron
speciﬁcation. Conversely, locally decreasing retinoid synthesis reduced axon growth into the limb. Retinoic
acid signiﬁcantly enhanced motor axon growth in vitro, suggesting that retinoic acid may directly promote
axon growth into the limb in vivo. In addition, retinoid signaling may indirectly affect the waiting period by
regulating the maturation of other gate keeping or guidance molecules in the limb. Together these ﬁndings
reveal a novel function of retinoid signaling in governing the timing and patterning of axon growth into the
limb.
© 2008 Elsevier Inc. All rights reserved.Introduction
During ontogeny, axons grow to their correct targets with re-
markable precision. The timing and trajectory of axon growth is
directed by locally distributed guidance cues in the environment,
which are detected by receptors on growth cones (reviewed in
Dickson, 2002). The expression of guidance cues and receptors must
be coordinated so that cues are present as axons traverse a region,
and axons have the requisite receptors when they encounter
important cues. In some developing systems axons pause at precise
points in their outgrowth, as if they are waiting for maturation of
either the receptors or the environment. In the chick, for example,
motor and sensory axons pause in a plexus region for nearly 24 h
before invading the limb (Hollyday, 1983; Tosney and Landmesser,
1985; Wang and Scott, 2000; but see Dieu and Newgreen, 2007),
and sensory afferents in chick pause in the dorsal root entry zoneoom p123, Stanford University
l rights reserved.for about 2 days prior to invading the gray matter of spinal cord
(Davis et al., 1989; Sharma et al., 1994). Similarly, thalamic axons in
mammals pause in the subplate before invading the visual cortex
(Shatz et al., 1990).
The cellular and molecular bases of waiting periods are likely to be
complex. We have shown that the waiting period in the hindlimb is
governed bymaturational changes in the limb rather than in the axons,
since axons extend prematurely into transplanted older donor limbs
(Wang and Scott, 2000). Some progress has been made in under-
standing the molecules that regulate axon entry into the limb.
Perturbation of signaling through either ephrinA-EphA4 (Sahin et al.,
2005) or semaphorin3A-neuropilin-1 (sema3A-Npn-1) (Huber et al.,
2005) pathways allows premature entry of axons into hindlimb,
indicating that inhibitory or repulsive interactions may normally
contribute to the waiting period. It is also likely, however, that
permissive or attractive cues appear in proximal limb near the end of
the waiting period, promoting axon growth into the limb at the
appropriate time. The factors that regulate expression of these “gate
keeping molecules,” regardless of whether they are inhibitory or
attractive, are unknown.
One mechanism that could potentially regulate gate keeping
molecules is retinoid signaling. Retinoids, derivatives of vitamin A, are
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ing and differentiation during embryonic development (Lee et al.,
2004; McCaffery et al., 2003; Ross et al., 2000). For example, early in
development retinoid signaling from lateral plate mesoderm is
essential to initiate limb development (Mic et al., 2004; Niederreither
et al., 2002; but see Stratford et al., 1999) and patterns the anterior–
posterior limb axis via establishment of the zone of polarizing activity
(ZPA) and induction of Sonic hedgehog (Shh) expression (Helms et al.,
1996; Lu et al., 1997; Niederreither et al., 2002; but see Mic et al.,
2004). Retinaldehyde dehydrogenases (RALDHs) are major retinoic
acid (RA)-synthesizing enzymes, and their expression domains are
associated with regions of RA synthesis and signaling (Berggren et al.,
2001; McCaffery and Drager, 1994), although an RALDH-independent
pathway of RA synthesis has recently been reported (Chambers et al.,
2007). In mammals, all-trans-RA mediates most retinoid signaling. In
the chick, however, 3,4-didehydroretinoic acid (dd-RA) is more
abundant and is likely to be more important (Thaller and Eichele,
1990). Here we refer to both dd-RA and at-RA simply as RA, since they
appear to be equally effective in chick (Repa et al., 1996; Thaller and
Eichele, 1990).
Interestingly, in the wing retinaldehyde dehydrogenase type 2
(RALDH2), which is present in lateral plate mesoderm prior to limb
outgrowth, decreases to undetectable levels as the limb begins to
grow out, but reappears in proximal limb regions around stage (St.) 23
(E3.5–4) (Berggren et al., 2001; Berggren et al., 1999), about the time
that brachial axons leave the plexus region at the end of the waiting
period (Hollyday, 1983). Thus, the spatiotemporal pattern of RALDH2
in the wing suggests that retinoids could play a role in governing the
waiting period.
RA signaling occurs by RA diffusing through cell membranes and
binding to nuclear receptors, which function as ligand-activated
transcription factors to activate or repress expression of myriad
different genes (reviewed in Balmer and Blomhoff, 2002; Bastien and
Rochette-Egly, 2004; Ross et al., 2000; Williams et al., 2004). Thus, RA
could trigger axon growth into the limb indirectly by inﬂuencing
expression of gate keeping molecules in the limb. Alternatively or
additionally, RA itself might directly promote axon growth into the
limb. RA has been shown to enhance or direct outgrowth of a variety of
central and peripheral neurons in vitro and in vivo (reviewed in
Clagett-Dame et al., 2006; Dmetrichuk et al., 2006), although nearly all
these studies involved neurite regeneration rather than de novo
outgrowth.
Here we have investigated the possibility that retinoid signaling
plays a role in regulating axon growth during the waiting period in
chick hindlimb. We show that expression of Raldh2, indicating the
potential for retinoid signaling, appears in the right time and place to
govern axon entry into the hindlimb. Perturbing the normal
spatiotemporal pattern of retinoid signaling in the limb altered both
the timing and pattern of axon ingrowth, without obvious effects on
the early differentiation of motoneurons and limb morphogenesis. In
vitro, RA promoted the outgrowth of motor, but not sensory axons,
suggesting that retinoic acid could directly enhance axon entry into
the limb in vivo. To our knowledge, this is the ﬁrst direct demonstra-
tion that RA can affect motor axon growth. These ﬁndings expand the
impressive list of developmental events regulated by retinoid
signaling, and identify this signaling pathway as a major mechanism
governing the waiting period for axon entry into the limb.
Materials and methods
General
Fertile White leghorn chick eggs from a local supplier were
incubated in a humidiﬁed, force-draft incubator at 38 °C. Embryos
were staged according to Hamburger and Hamilton (1951) at the time
of surgery and at sacriﬁce.Embryo manipulation
Bead implantation in the hindlimb
To initiate retinoid signaling in the limbprecociously,we implanted
beads soaked in all-trans-retinoic acid [0.05–5 mg/ml dimethysulf-
oxide (DMSO), Sigma] in the limb, preparing the beads (AG1X-2 beads,
75–140 μm in diameter, formate form, Bio-Rad) as previously
described (Eichele et al., 1984; Shen et al., 1997). Three RA-treated
beads were inserted into the anterior hindlimb bud slightly distal to
the crural plexus region of St. 21–22.5 [embryonic day (E) 3.5–4]
embryos (Fig. 5A).
To inhibit synthesis of RA, beads (SM2 beads, 200 μm in diameter,
Bio-Rad or AG1X-2 beads) were soaked in either citral (3,7-dimethyl-
2,6-octadienal, 0.5–0.88 g/ml DMSO, Aldrich) (Song et al., 2004) or
disulﬁram (tetraethylthiuram disulﬁde, 25 mg/ml DMSO, Sigma)
(Stratford et al., 1996; Vallari and Pietruszko, 1982), and a single
large or 2–3 small beads were inserted into anterior limb buds of St.
22–23.4 (E4–4.5) embryos.
Control embryos were implanted with DMSO-soaked beads. After
implantation of beads, the embryos were incubated until the desired
stages, when they were killed, cryosectioned and stained to visualize
axons, as described below.
Motoneuron deletion
To determine whether motor axons affect Raldh2 expression in the
hindlimb (cf. Berggren et al., 2001), we unilaterally removed the
lumbosacral neural tube from St.16–17 (E2.5) embryos, leaving the
contralateral half intact as a control.
In situ hybridization and staining
In situ hybridization for Raldh2 and Shh was carried out on
cryosections, as previously described (Wang and Scott, 2004) using
digoxigenin-labeled probes generated from plasmids kindly provided
by Dr. Malcolm Maden (King's College, London) and Dr. Gary
Schoenwolf (University of Utah), respectively. For whole-mount in
situs, embryos were treated with methanol and 6% H2O2 prior to
hybridization, and the time for each step was lengthened.
To analyze axon growth and to investigate the spatiotemporal
relationship of RA signaling, axons and muscles, sections were stained
with various neuron or muscle-speciﬁc antibodies, often followed by
in situ hybridization for Raldh2. The following primary antibodies
were used: 3A10 [1:50, Developmental Studies Hybridoma Bank
(DSHB)]; anti-axonin-1 (23.4-5, 1:10, DSHB); anti-IsIet-1 (39.4D5,
1:10, DSHB); anti-Lim1 (1:20000, kindly provided by Dr. T. M. Jessell,
Columbia University); PAX7 (1:10, DSHB); 13F4 (1:10, DSHB); NA8
(1:10, DSHB); anti-EphA4 (1:100, Invitrogen); and anti-TrkA (1:7000;
kindly provided by Dr. Frances Lefcort, Montana State University).
Antibodies were visualized with species-speciﬁc Alexa-488 and
Alexa-568 conjugated secondary antibodies (1:400, Invitrogen).
To view the morphology of the pelvic girdle, embryos were stained
with Alcian blue as previous described (Wang and Scott, 1999).
Co-culture of neuronal explants and RA-beads
Explants of motoneurons were dissected as “open-book” prepara-
tions of ventral spinal cord from lumbosacral regions of St. 23–25
embryos, and placed in coverglass wells in 35 mm Petri dishes, as
described by Kuhn (2003). The explant was covered with a 60 μl drop
of collagen solution [2 parts 5× DMEM (Gibco), 1 part 0.2 M Hepes
(Research Organics, Inc.) and 7 parts collagen (3 mg/ml HCL, pH 3.0,
Roche)], and 3 RA-treated beads or control beads were placed 150–
200 μm from one lateral edge of the explant (Fig. 6). Collagen was
allowed to gel for 20 min at 37 °C; 500 μl DMEM+N2 (Gibco) was then
added to the well. Explants were cultured for 24 to 48 h, ﬁxed in 4%
paraformaldehyde and stainedwith 3A10. In initial studies we veriﬁed
Table 1
Relative levels of Raldh2 expression in hindlimb muscles
Slow muscles Raldh2 Fast muscles Raldh2
Sartorius 3.3±2.3 Lateral adductor 29.8±15.8
Medial adductor 4.8±5.2 Ischioﬂexorius 30.0±27.0
Femorotibialis internus 5.5±7.7 Caudilioﬂexorius 34.7±17.8
Anterior iliotibialis 9.7±5.8 Ambiens 40.5±24.7
Ilioﬁbularis 25.9±17.8 Femorotibialis externus
and medialis
40.8±22.3
Posterior iliotibialis 48.9±19.5
Average slow 9.9±12.3 Average fast 37.6±21.5
The cross-sectional area and Raldh2 in each muscle was measured from a cryosection
through themid-thigh in 9 embryos (St. 30–35).Raldh2was expressed as a percentage of
themuscle area, as described inMaterials andmethods. Values shownare themean±s.d.
Muscles were categorized as predominantly fast or slow based on published studies
(Crowand Stockdale,1986; Rafuse et al., 1996) and analysis of sections stainedwith NA8,
to identify slowmuscle ﬁbers (data not shown). On average Raldh2was signiﬁcantly less
abundant in slow muscles (pb001, t-test).
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were indeed motoneurons either by retrogradely labeling motoneur-
ons with DiI prior to dissecting the explant or by labeling explants
with antibody SC1, which selectively marks DRGs and motoneurons at
early stages (Tanaka et al., 1991).
Lumbosacral dorsal root ganglia (DRGs) were dissected from St.
23–25 embryos, and co-cultured with beads as described above,
except that DRGs were cultured in F12 (Gibco)+N2. 10 ng/ml each ofFig. 1. Spatiotemporal pattern of Raldh2 and Shh expression in chick hindlimb. (A) In situ hyb
ganglia LS2 and LS4 at the embryonic stages indicated. (B) Whole-mount in situ hybridizatio
expression in adjacent cross-sections through proximal (top) and more distal (bottom) hind
transcripts ﬁrst appear in proximal hindlimb at around stage (St.) 24 (arrow), and are initially
expressed in motoneurons (arrowheads) and mesonephros (m), but not in dorsal root gangNGF (Gibco), BDNF (Regeneron) and NT3 (Regeneron) were added to
DRG cultures derived from St. 25 embryos.
Quantiﬁcation of axon growth and Raldh2 expression
Axon growth in treated limbs
To quantify the effects of exogenous RA on axon growth,
cryosections of spinal cord and limb were stained with 3A10 to
visualize axons, and the length of axon growth into the limb in the
middle of the “fan” of axons was measured from captured images of
every 4th or 6th section throughout the crural plexus region, as
illustrated in Fig. 5B. In addition, the total area of axons in the limb in
each of these sections was measured using the threshold function of
ImageJ software (NIH), and the areas for all sections of individual
embryos summed for control and treated limbs. The same number of
sections was analyzed in the treated and contralateral control limb of
individual embryos. For embryos treated with citral or disulﬁram, the
distance from the middle of plexus to the tip of the dorsal and ventral
nerve branches was measured (Fig. 5C). Nerve lengths and arboriza-
tion areas of treated and control limbs were compared for signiﬁcance
using a paired t-test.
Raldh2 and axon areas in denervated limbs
Similar methods were used to measure the area of axons and
Raldh2 expression in denervated and contralateral control limbs of St.
25–27.5 embryos. Raldh2 expression was analyzed only in embryos inridization for Raldh2 in sections of hindlimb at the level of lumbosacral (LS) dorsal root
n for Raldh2 and Shh in hindlimbs at the embryonic stages indicated. (C) Raldh2 and Shh
limb of a single embryo. Anterior is to the left and dorsal to the top. Note that Raldh2
restricted to a ventral domain in posterior limb, distinct from that of Shh. Raldh2 is also
lia (d). nt: neural tube. Scale bars: (A) 300 μm; (B) 500 μm; (C) 400 μm.
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that of the contralateral control limb (Table 2).
Raldh2 in fast and slow muscle
To determine relative levels of expression of Raldh2 in different
muscles, cross-sections of the mid-thigh of St. 30–35 embryos were
stainedwith antibody 13F4 to label all muscle cells, followed by in situ
hybridization for Raldh2. The cross-sectional areas of individual fast
and slow muscles and Raldh2 expression in each muscle were
measured with ImageJ software, as above. Raldh2 in individual
muscles was then expressed as a percentage of the area of that
muscle (Table 1). Muscles were scored as fast or slow based on earlier
reports (Crowand Stockdale,1986; Rafuse et al., 1996) and our analysis
of sections stained with antibody NA8 to identify slow muscles (data
not shown).
RA effects in vitro
To assess the effects of RA on motor axon growth in vitro, cultures
were stained with 3A10 to visualize axons and confocal images were
collected at 10 μm intervals and saved as a single image. A line was
drawn through the ventral midline of the explant, and the explant
divided in quadrants, as illustrated in Fig. 6A. The numbers of axons orFig. 2. Comparison of the spatiotemporal patterns of Raldh2 expression and developing
expression and the dorsal (d) and ventral (v) muscle masses. Note that at St. 24 Raldh2 part
blood vessel. (B) Section through the limb at the level of dorsal root ganglion LS3, showing Ra
in a longitudinal section of a thigh muscle of a St. 30 embryo Note that Raldh2 is restricted
themselves. Left panel: Raldh2; c′: muscle ﬁbers in the same section stained with antibody M
St.35 embryo; (d′) the same section stained with antibody 13F4 to visualize all muscles. (E) Ra
thigh; (e′) only slow muscles and Raldh2 are shown. Note that Raldh2 is expressed predomin
muscles. Relative levels of Raldh2 expression in fast and slow muscles are summarized in T
anterior iliotibialis; C: caudilioﬂexorius; Fe and m: femorotibialis externus and medialis; F
medial adductor; pI: posterior iliotibialis; S: sartorius. Scale bars: (A, B) 300 μm; (C) 50 μm;axon bundles that extended at least 150 μm from the explant edge
were counted in the two lateral quadrants. Axon growth from DRGs
was assessed in the same manner (see also Honig and Zou, 1995).
Results
Spatiotemporal pattern of Raldh2 expression in hindlimb
The spatiotemporal pattern of RALDH2 expression in the wing
(Berggren et al., 2001; Berggren et al., 1999) suggested that retinoids
could potentially play a role in governing the waiting period. Here
we tested that possibility directly in the hindlimb, where the
waiting period has been most extensively studied. Since ontogeny of
retinoid signaling has not been described in detail in either the
hindlimb or lumbosacral neurons in the chick, we ﬁrst characterized
the pattern of Raldh2 expression in the thigh and in lumbosacral
(LS) motor and sensory neurons from St. 18 (E3), shortly after the
ﬁrst motor axons reach the plexus region (Tosney and Landmesser,
1985) (shown schematically in Fig. 5A), through St. 30 (E7), when
lumbosacral motoneuron cell death (e.g. Calderó et al., 1998) and
muscle patterning in the thigh (Schroeter and Tosney, 1991) are
nearly complete.muscles in chick hindlimb. (A) Cross-section through proximal limb showing Raldh2
ially overlaps the ventral muscle mass, but is not expressed dorsally. Arrow indicates a
ldh2 expression and the dorsal (d) and ventral (v) muscle masses. (C) Raldh2 expression
to connective tissue associated with muscle, but is not expressed in the muscle cells
F20; c″: merged images. (D) Raldh2 expression in a cross-section through the thigh of a
ldh2 expression and fast and slowmuscles in a longitudinal section through the anterior
antly in connective tissue associated with fast muscles, and is nearly absent from slow
able 1. Anterior is to the left and dorsal to the top in panels A, D and E. A: ambiens; aI:
i: femorotibialis internus; If: ilioﬁbularis; Is: ischioﬂexorius; lA: lateral adductor; mA:
(D) 500 μm; (E) 200 μm.
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earliest we examined (data not shown), but were abundant in
adjacent somites. Transcripts ﬁrst appeared in the limb in early St.
24 (E4), with expression initially restricted to proximal posterior thigh
(Figs. 1, 2A, and 4A). Raldh2 transcripts appeared slightly later in
anterior thigh, around St. 24.5–25 (E4–4.5). At later stages, expression
extended distally, but remained concentrated primarily in antero-
dorsal and postero-ventral domains (Fig. 1).
Because retinoid signaling determines the distribution of Sonic
hedgehog (Shh) early in embryogenesis (Helms et al., 1996; Lu et al.,
1997; Niederreither et al., 1999; Stratford et al., 1996), and Shh
transcripts are ﬁrst expressed in the zone of polarizing activity (ZPA)
in posterior limb mesenchyme in a domain resembling that of Raldh2
(Riddle et al., 1993), we directly compared the patterns of Raldh2 and
Shh expression throughout early limb development. Interestingly,
expression domains of these two signaling molecules never over-
lapped. Shh transcripts ﬁrst appeared in hindlimb bud around St. 20
(data not shown), and were consistently expressed in amore posterior
and distal domain than Raldh2 (Figs. 1B, C). Thus, although retinoid
signaling from lateral plate mesoderm is required for Shh expression
in the limb, Raldh2 in the limb bud itself has a unique spatiotemporal
pattern of expression, distinct from that of Shh.
Raldh2 expression also did not uniquely coincide with other
obvious tissue components of the developing limb. For example,
Raldh2 was expressed near developing blood vessels (Fig. 2A, arrow)
(cf. Berggren et al., 2001), but this relationship was not unique, since
Raldh2 was also expressed in regions of the limb without large blood
vessels. Raldh2 was absent from the cartilaginous precursors of the
limb skeleton, and only partially overlapped developing muscles (Figs.
2A, B, E). Myogenic cells migrate into limb bud from the dermamyo-
tome beginning at about St. 16 (Jacob et al., 1979), and aggregate in a
dorsal and a ventral muscle mass (reviewed in Francis-West et al.,
2003). The position of these twomuscle masses is indirectly regulated
by retinoic acid, at least in mouse forelimb (Mic and Duester, 2003).
However, at early stages of muscle development in the chick the two
domains of Raldh2 expression and the two muscle masses are not
entirely coincident. In general, Raldh2 is expressed closer to the
condensing cartilage and somewhat more distally than myogenic cells
(Figs. 2A, B). At later stages,when distinctmyotubes had differentiated,Fig. 3. Spatiotemporal pattern of Raldh2 expression in lumbosacral (LS) spinal cord and dors
where they are expressed throughout the entire lateral motor column (enclosed by dotted lin
caudal segments, and are not expressed in DRGs (d) at any stage or spinal level. Scale bars:Raldh2 transcripts are expressed in themesenchymal cells surrounding
myotubes, but not in the myotubes themselves (Fig. 2C) (cf. Berggren
et al., 2001).
Interestingly, Raldh2 initially appeared in regions of the ventral
muscle mass destined to become fast muscle, but was absent from
dorsal slow muscle regions [compare Fig. 4b of Crow and Stockdale
(1986) with Figs. 2A and 4A]. At later stages (St. 30–35; E7–9), as
muscle masses cleaved and individual thigh muscles became distinct,
Raldh2 was associated predominantly with fast muscles, and was
expressed at signiﬁcantly lower levels (pb0.001, t-test) within slow
muscles or slow ﬁber regions of mixed muscles (Figs. 2D, E; Table 1).
Whether retinoid signaling participates in patterning the distribution
of fast and slow muscle ﬁbers within the limb remains to be
determined, but is beyond the scope of the present study.
Raldh2 and limb innervation
Chick hindlimb is innervated by motor and sensory neurons in
lumbosacral (LS) segments LS1–8, with axons from segments LS1–3
comprising the crural plexus and axons from segments LS4–8
comprising the sciatic plexus (Fig. 5E). Raldh2 was expressed in
lumbosacral (LS) motoneurons, with the distribution changing
dramatically along both the rostrocaudal and mediolateral axes in
concert with the segregation of the medial and lateral subdivisions of
the lateral motor column (mLMC and lLMC, respectively). Transcripts
ﬁrst appeared in ventrolateral cord beginning around St. 20 (data not
shown), and by St. 22 were distributed uniformly throughout the
entire developing lateral motor column from segments LS1–LS7.
Beginning around St. 24.5–25 Raldh2 expression increased markedly
in mLMC in rostral segments (LS2 and LS4, Fig. 3), but remained
broadly distributed in more caudal segments (LS6, Fig. 3). By St. 26,
transcripts disappeared from lLMC in the most rostral segments (LS2,
Fig. 3), but became restricted exclusively to mLMC at LS4, and
remained broadly distributed more caudally. This pattern did not
change noticeably at later stages. This spatiotemporal pattern of
expression of Raldh2 matured earlier and is more complex than
previously described (Berggren et al., 1999; Sockanathan and Jessell,
1998). Whereas the restriction of Raldh2 to mLMC neurons in mid-
lumbar segments may arise from later-born lLMC neurons (Raldh2)al root ganglia. Note that Raldh2 transcripts ﬁrst appear in motoneurons around St. 22,
es). Transcripts eventually become restricted to themedial lateral motor column inmore
150 μm.
Fig. 4. Relationship between axons and Raldh2 expression in hindlimb. (A-a″) Raldh2, muscle masses and axons in cross-sections through progressively more distal regions of
hindlimb. At St. 24 axons from the sciatic plexus have begun to grow into posterior limb, but havenot yet left themore anterior crural plexus. Note that axons are associatedwith Raldh2
in A and a′, and that Raldh2 extends distal to the axons (a″). Inset in a′ shows axons and Raldh2 at higher magniﬁcation. (B) Raldh2, muscles and axons in a section though spinal cord
and limb at the level of dorsal root ganglion LS2. Inset showsRaldh2 and axons at highermagniﬁcation. (C, D) Raldh2 and axons in embryos inwhich the right half of the neural tubewas
removed at St. 17 and St. 16, respectively. Note that axons are missing from denervated limbs, but Raldh2 expression is unchanged. Scale bars: 300 μm except insets. Insets: 50 μm.
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nathan and Jessell, 1998), this scenario cannot account for the
distribution of Raldh2 at more rostral and caudal levels. Raldh2 was
never expressed in lumbar sensory neurons, although transcripts
were abundant in cells of the surrounding somite (Fig. 3), as
previously reported (Berggren et al., 1999; Blentic et al., 2003).
Interestingly, the initial expression of Raldh2 in anterior and
posterior thigh was highly correlated with the stage and position at
which axons began to enter the limb from the crural and sciatic
plexus, respectively. Axons leave the sciatic plexus region and enter
posterior limb at about St. 24 (Fig. 4A), slightly before axons exit the
more anterior crural plexus at St. 24.5–25 (Tosney and Landmesser,
1985; Wang and Scott, 2000). In both limb regions axon growth cones
were always found in domains of Raldh2 expression, with Raldh2
transcripts extending somewhat distal to the axon tips (Figs. 4A, B).
Previous studies suggested that motoneurons regulate RALDH2
expression in wing, leading to the observed association of axons with
RALDH2 immunoreactivity (Berggren et al., 2001); denervation
initially reduced RALDH2 immunoreactivity in the wing, which
subsequently returned to normal levels within several stages
(Berggren et al., 2001). In contrast, we detected no obvious change
in the timing, amount, or distribution of Raldh2 transcripts in
denervated hindlimbs (n=4) (Figs. 4C, D; Table 2). Theoretically it is
possible that the small residual innervation (b12% of control) that
remained in denervated limbs was sufﬁcient to induce normal levels
of Raldh2. We ﬁnd this unlikely, however, since there was no
correlation between the amount of axons remaining and Raldh2.
Instead, it appears that the onset and patterning of Raldh2 is
independent of innervation in the hindlimb. These ﬁndings are
consistent with previous reports of Raldh2 mutant mice that suggestTable 2
Relative levels of Raldh2 expression in denervated hindlimbs
Embryo Stage Axons % of control Raldh2 % of control
RA171 25 7.7 102.2
RA136 26 7.9 148.9
RA172 26 11.2 104.7
RA168 27.5 2.5 138.0
Average 7.3±3.6 123.4±23.5
The lumbosacral neural tube was removed unilaterally from St. 16–17 (E2.5) embryos.
Subsequently, axons and Raldh2 were measured in images of every 4th or 6th section
through denervated and control limbs, as described in Materials and methods. Areas
were summed, and values in each denervated limb were expressed as a percentage of
the corresponding control values. The same number of sections was analyzed in
individual embryos. Denervation did not reduce Raldh2 expression. Averages±s.d.that the regulation and function of retinoid signaling may be different
in fore- and hindlimbs (Mic and Duester, 2003; Niederreither et al.,
2002). Thus, the close spatiotemporal expression of Raldh2 and axon
growth into the hindlimb suggests another possibility, that RA
promotes the entry of axons into the limb, a possibility we tested
directly here.
Retinoic acid can promote axon growth into the limb
The fact that Raldh2 is expressed in limbmesenchyme, the source of
guidance cues for axon growth (Lance-Jones and Dias, 1991), together
with the close association of outgrowing axons and Raldh2, suggested
that retinoids could be involved in governing the timing and/or
distribution of axon growth into the limb. To test this possibility, we
implanted beads soaked in all-trans-RA (0.05–5 mg/ml) into proximal
limb bud opposite the crural plexus at St. 21–22.5 (Fig. 5A), and
examined the resulting distribution of axons in the limb at St. 23.5–25,
using the contralateral untreated limb as a control. Additional control
embryos were implanted with DMSO-soaked beads.
RA treatment did not grossly affect the overall development of the
limb, presumably because proximal limb regions where beads were
implanted had already been speciﬁed by St. 21 (Saunders, 1948), and
perturbing RA signaling at this stage has little effect on limb
patterning (Helms et al., 1996; Summerbell, 1983). Axons left the
crural plexus and entered the limb bud prematurely in embryos
treated with RA, growing beyond the plexus region as early as St. 23.5
(E4), when axons in the contralateral limb were still arrested in the
crural plexus (Fig. 5D–G). Staining sections of RA-treated embryos
with anti-axonin-1 (Halfter et al., 1994) (n=4) or anti-trkA (Rifkin et
al., 2000) (n=2), which selectively label sensory axons, together with
3A10, which labels all axons, showed that both sensory and motor
axons entered the limb precociously in response to exogenous RA
(Fig. 5F).
In addition to accelerating the timing of axon growth into the limb,
early exposure to RA altered the initial pattern of axon ingrowth.
Normally axons project into the limb from each plexus region in 2
distinct nerve trunks, a ventral trunk derived frommotoneurons in the
mLMC and a dorsal branch derived from the lLMC (reviewed in
Landmesser, 2001), shown schematically in Fig. 5C. A similar pattern
was observed when axons grow into the limb prematurely following
transplantation of older donor limbs (Wang and Scott, 2000). In
contrast, axons invaded the limb in a broad fan following early
exposure to RA (Figs. 5D, F–G), similar to the distribution of axons that
results from interfering with sema3A-Npn-1 (Huber et al., 2005) or
ephrinA-EphA4 signaling (Sahin et al., 2005). Interestingly, the crural
Fig. 5. Effects of perturbing retinoid signaling on axon growth into limb. (A) Cartoon showing the placement of retinoic acid (RA)-, citral-, disulﬁram- or DMSO-soaked beads (red dots)
in anterior limb bud. Squares with numbers represent lumbosacral somites; nt: neural tube. Treated limbs are shown on the right in all panels. (B, C) Cartoons showing quantiﬁcation
of axon growth into the limb in RA-treated (B) and citral- or disulﬁram-treated (C) limbs, as described in Materials and methods. Dashed lines indicate the base of the limb; lines
tipped with arrowheads indicate the length of axon incursion into the limb that was measured. (D–G) Early exposure to exogenous RA promotes premature growth of axons into the
limb and broadens the crural plexus; axons in RA-treated limbs extend farther into the limb and enter the limb frommore caudal segments than in the contralateral control limbs. (D)
Sections through ventral spinal cord and proximal hindlimb from segment LS2 to caudal LS3 of an embryo implanted with 3 RA-beads (0.5 mg/ml) at St. 21. Note that in this embryo
axons extended signiﬁcantly farther into the RA-treated limb than in the contralateral control limb (treated/control=1.58). Dashed lines indicate the base of the limb. (E) Whole-
mount view of spinal cord and proximal hindlimbs of an embryo implantedwith 3 RA-beads (5 mg/ml) at St. 22; c: crural plexus; s: sciatic plexus. Note that axons in the crural plexus
have extended farther from the spinal cord on the RA-treated side, and enter the limb frommore caudal segments than on the control side (arrowhead). Dashed lines indicate the edge
of the spinal cord. (F, G) Sections through ventral spinal cord and proximal hindlimbs at segment LS3 in an embryo implantedwith RA-beads (5mg/ml) at St. 21.5. (f′, g′) Higher power
views of boxed regions of F and G, respectively. (F) TrkA staining shows that both sensory axons, as well asmotor axons, grow precociously into RA-treated limbs. (G) EphA4+ axons are
conﬁned to the dorsal plexus in RA-treated limbs, as in controls. (H) Two sections through segment LS2 in an embryo implanted with 2 citral-soaked beads (0.5 g/ml) at St. 22.5. Solid
arrowheads and double arrowheads indicate the farthest extent of axon growth in the dorsal and ventral nerve branch, respectively. Note that ingrowth of dorsal axons is reduced in
the citral-treated limb (treated/control=0.74). Dashed lines indicate the base of the limb. All axons are labeledwith antibody 3A10 (red) in panels D–H. Asterisks indicate RA- or citral-
soaked beads. (I) Section through the ventral spinal cord at segment LS3 of an embryo implantedwith RA-beads (5 mg/ml) at St. 21, stained with anti-Lim1 and anti-Islet-1 to identify
the lateral and medial portions of the lateral motor column (enclosed in an oval), respectively. Scale bars: (D–H): 200 μm; (d′, e′, I): 100 μm.
Table 3
Early exogenous RA promotes axon growth into the hindlimb
DMSO/control (n=6) RA/control (n=19)
Length of “fan” 1.1±0.3# 1.4±0.3**
Area of “fan” 1.0±0.1# 1.2±0.2**
The longest incursion of axons (length of “fan”) and the total arborization of axons in the
crural plexus (area of “fan”) were measured in limbs in St. 23.5–25 embryos implanted
with RA-soaked or control (DMSO-soaked) beads at St. 19–22.5, as described in
Materials and methods and Fig. 5B. The same number of sections was analyzed in
treated and control limbs of individual embryos; values in each embryowere compared
for signiﬁcance with a paired t-test. Early exposure to exogenous RA signiﬁcantly
promoted axon growth into treated limbs; #pN0.05; **pb0.001.
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nearly one segment more caudally than normal, with the posteriorly
directed ramus between the crural and sciatic plexii being nearly
eliminated (Fig. 5E). None of these changes was observed in limbs
implanted with control beads (data not shown).
To quantify the effects of early exposure to exogenous RA on axon
growth, we measured the length that axons extended into the limb
and the overall arborization of axons from the crural plexus in RA-
treated and control limbs, as described in Materials and methods and
illustrated schematically in Fig. 5B. Because neither the concentration
of RA and nor the age of the embryo appeared to affect the extent of
precocious ingrowth, data from all treated embryos were pooled.
Axons extended signiﬁcantly farther in RA-treated limbs than in
contralateral control limbs (n=19; pb0.001, paired t-test). The total
area of arborization of axons from the crural plexus was also
signiﬁcantly greater in RA-treated limbs (pb0.001, paired t-test). In
contrast, there were no differences in any of these measures in limbs
implanted with control beads (n=6) (Table 3).
Thus, early exposure of axons to RA altered both the timing and
pattern of axon ingrowth into the limb. The failure of crural axons to
form distinct dorsal and ventral nerve trunks when they ﬁrst enter
RA-treated limbs, as well as the broadening of the crural plexus region,
suggests that axons did not receive their usual peripheral guidance
cues, as if either the peripheral signals or the neurons themselves
were altered by early exposure to RA. For example, perhaps the normal
differentiation of motoneurons was perturbed, such that motoneur-
ons did not acquire their full identity asmLMC or lLMC neurons and/or
became mispositioned in the two subdivisions of the LMC. Alterna-
tively or additionally, interfering with normal RA signaling could also
alter the peripheral cues that determine axon trajectories in the limb.To determine the relative contribution of these mechanisms to the
altered axon projection patterns in RA-treated embryos, we ﬁrst
examinedwhether precociously increasing RA in the limb affected the
early differentiation of motoneurons. There was no obvious change in
the establishment of the mLMC and lLMC, as judged by Islet-1 and
Lim1 staining (Tsuchida et al., 1994) (Fig. 5I). Similarly, the pattern of
Raldh2 in motoneurons developed normally in RA-treated embryos
(data not shown). Importantly, EphA4+ axons, which normally arise
from neurons in the lLMC (Eberhart et al., 2000), were observed only
in the dorsal half of the axonal “fan” in RA-treated limbs (Fig. 5G),
indicating that, unlike embryos in which Sema3A-Npn-1 was
perturbed (Huber et al., 2005), the dorsal and ventral axons sorted
more or less normally and were not intermixed as they left the crural
plexus. It is not surprising that motoneurons appeared to differentiate
normally in embryos with RA-treated limbs, since we perturbed RA
levels long after RA in the periphery is required for correct patterning
of the spinal cord and LMC (Maden, 2006; Novitch et al., 2003). The
Table 4
Inhibiting retinoid signaling impairs axon growth in the limb
DMSO/control
(n=7)
Inhibitor/control
(n=10)
Dorsal branch (average) 1.0±0.1 0.8±0.1**
Dorsal branch (longest) 0.9±0.1 0.8±0.2*
Ventral branch (average) 1.1±0.2 1.0±0.1
Ventral branch (longest) 1.0±0.1 1.0±0.1
The distance from the plexus region to the tip of the dorsal and ventral nerve branch
was measured in St. 25–28 embryos implanted with beads soaked in an inhibitor of
retinoic acid synthesis [citral (n=6) or disulﬁram (n=4)] or with control beads (DMSO)
at St. 22–23.5, as described in Materials and methods and Fig. 5C. Embryos were
excluded if the treated limb was obviously smaller than the control or the ventral
branch was less than 90% that in the control limb. The same number of sections was
analyzed in treated and control limbs of individual embryos, and values for each embryo
were compared for signiﬁcance with a paired t-test. Inhibiting retinoid synthesis
signiﬁcantly impaired axon growth near the beads; *pb0.01; **pb0.001.
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motoneurons suggests that perturbing the spatiotemporal pattern of
RA signaling in the limb either disturbed or overwhelmed normal
guidance cues for dorsal and ventral axons, and/or enticed axons to
enter the limb before the usual complement of guidance cues was
established.
Thus, early exposure to exogenous RA in the limb showed that
retinoid signaling can inﬂuence the time that axons wait in and exit
from the plexus region. To determine whether endogenous RA is
normally required for axons to leave the plexus region on schedule, we
reduced RA signaling by inhibiting the synthesis of RA in the limbwith
citral or disulﬁram. Implanting citral-soaked beads in anterior limb
often caused hemorrhaging and a large blood clot, especially with
concentrations of citral higher than 0.7 g/ml. Such embryos were
excluded from further study, but indicated that RA may play an
essential role in the development of vasculature in the limb (cf.
Berggren et al, 2001). We also excluded embryos in which the treated
limb was obviously smaller than the contralateral control (cf. Tanaka
et al., 1996), using as a criterion that we only analyzed embryos in
which the length of the ventral nerve branch in the limb was at least
90% that of the contralateral control ventral branch. In embryos that
met these criteria, we found that inhibiting the synthesis of RA in the
dorsal limbwith citral (n=6) or disulﬁram (n=4) signiﬁcantly reduced
the growth of axons from the dorsal branch of the crural plexus
(pb0.002, paired t-test), without affecting axons in the ventral branch,
which was farther from the implanted beads (Fig. 5H; Table 4). These
results cannot be attributed to a reduction in the number of lLMC
neurons (which normally project their axons into the dorsal branch),
as has been observed following a perturbation of RA signaling in
paraxial mesoderm (Ji et al., 2006) or spinal cord (Sockanathan and
Jessell, 1998; Sockanathan et al., 2003; Vermot et al., 2005), since the
mLMC and lLMC neurons appeared normal in citral-treated embryos
(data not shown). There were no differences in the length of eitherFig. 6. Retinoic acid promotes growth of motor axons in vitro. (A) Cartoon showing the place
divided into quadrants (solid lines) and the numbers of axons or axon bundles that extended
Representative explants from a single experiment showing that more axons extend in quadr
growth. Dashed line: ventral midline. Scale bar: 200 μm.dorsal or ventral axons in embryos implanted with control beads
(n=7) (Table 4). Thus, locally reducing endogenous RA in the limb
delays or inhibits the entry of axons into the limb, providing strong
evidence that retinoid signaling has an essential function in governing
the timing of axon entry into the limb, i.e., in regulating the waiting
period.
RA is a transcriptional regulator that inﬂuences expression of a
plethora of other molecules, some of which could promote or guide
axon growth in the limb. In addition, RA itself can affect neurite
growth (reviewed in Clagett-Dame et al., 2006). To determinewhether
RA could directly promote growth of young embryonic motor and
sensory axons, we co-cultured explants of ventral spinal cord or dorsal
root ganglia (DRGs) from St. 23–25 embryos with RA-soaked beads in
collagen gels, and measured the number of axons that extended at
least 150 μm toward or away from the beads, as described in Materials
and methods (Fig. 6A). On average, nearly ﬁve times as many motor
axons extended from the side of the explant adjacent to the RA-beads
than from the side away from the beads (bead/control=4.65±2.99,
n=13 explants from 4 experiments) (Fig. 6C), whereas there was no
difference in outgrowth toward or away from control beads (bead/
control=1.15±0.46, n=14 explants from 4 experiments) (Fig. 6B).
Axons did not appear to grow directly toward RA-treated beads in
vitro, and in many cases extended beyond the beads, suggesting that
RA promotes, but does not direct, outgrowth of motor axons. In
contrast, although sensory axons in vivo grew into the limb
prematurely in response to early, exogenous RA, in vitro RA had no
consistent effect on sensory neurons (data not shown).
Effects of RA on limb environment
Whereas RA can directly promote the growth of motor axons, RA
can also affect the limb environment. For example, RA inﬂuences
genes that pattern the limb (reviewed in Lee et al., 2004; Stratford et
al., 1999), and could potentially regulate expression of molecules in
the limb that pattern axon growth. Interestingly, as shown in Fig. 5,
axons extended from crural plexus up to one segment more caudally
than normal in RA-treated limbs, suggesting that exogenous RA may
have reduced the normal barrier provided by the pelvic girdle
precursor in this limb region (Tosney and Landmesser, 1984). Indeed,
the cartilaginous pelvic girdle was somewhat reduced in RA-treated
limbs (n=8) (Fig. 7), which could permit axons to invade a broader
expanse of limb. Thus, one function of retinoid signaling that occurs in
advance of axon ingrowthmay be to sculpt the pelvic girdle precursor,
thereby inﬂuencing the sites where axons enter the limb. These
results are consistent with earlier observations that increasing
retinoid signaling inhibits or interferes with chondrogenesis both in
vitro and in vivo (Cash et al., 1997; reviewed in Lee et al., 2004).
Together our ﬁndings identify retinoid signaling as a major
mechanism governing both the waiting period and pattern of axon
entry into the limb, a mechanism that most likely involves the directment of beads and quantiﬁcation of axon growth. To assess axon growth, explants were
≥150 μm (dotted line) from the explant edgewere counted in the lateral quadrants. (B, C)
ants with RA-beads than without beads, whereas control beads have no effect on axon
Fig. 7. Exogenous retinoic acid alters pelvic girdle development. Whole-mount view of
the proximal portion of left and right limbs of an embryo implanted with RA-soaked
beads (5 mg/ml; asterisks) at St. 22. Note that the anterior portion of the pelvic girdle is
somewhat reduced on the RA-treated side. Scale bar: 500 μm.
224 G. Wang, S.A. Scott / Developmental Biology 321 (2008) 216–226promotion of motor axon growth, as well as indirect effects on axon
growth via changes in the limb environment.
Discussion
Vitamin A derivatives, known collectively as retinoids, are essential
for normal patterning of diverse structures and organs during
embryonic development and continue to play important roles in the
adult (reviewed in Mey and McCaffery, 2004; Ross et al., 2000). Here
we describe a novel function for retinoid signaling during embryonic
development by showing that retinoid signaling plays an important
role in governing the timing and pattern of axon entry into the limb.
The spatiotemporal pattern of Raldh2 expression in hindlimb is unique
Retinoid signaling in the chick hindlimb, deduced from the pattern
of Raldh2 expression, begins shortly before axons exit the plexus
region where they normally arrest growth for nearly 24 h before
invading the limb (Hollyday, 1983; Tosney and Landmesser, 1985;
Wang and Scott, 2000; but see Dieu and Newgreen, 2007). Although
expression patterns of several other transcriptional regulators share
features in commonwith Raldh2, the Raldh2 pattern in the hindlimb is
unique.
Raldh2 expression is initially restricted to a posterior domain,
similar but not identical to Shh (see also Riddle et al., 1993). Although
retinoid signaling is required to induce Shh and establish the ZPA
(Helms et al., 1996; Lu et al., 1997; Mic et al., 2004; Niederreither et al.,
2002), several lines of evidence suggest that the retinoid signaling that
we describe here must play a different role. For example, we were
unable to detect Raldh2 transcripts in posterior hindlimb prior to the
stage at which expression of Shh ﬁrst appears. When Raldh2 could be
detected in hindlimb, transcripts were always expressed in a more
proximal domain than Shh. Further, retinoid signaling is required at
much earlier stages, prior to overt limb outgrowth, to induce the ZPA
and Shh (Helms et al., 1996; Lu et al., 1997). Finally, blocking RA
signaling at the stages we examined has no effect on patterning
polarizing activity in the limb (Helms et al., 1996). Thus, at later stages
after the ZPA is established, retinoid signaling in the hindlimb must
have a different function.
In the hindlimb, as in the wing (Berggren et al., 2001), Raldh2 is
expressed in mesenchymal cells, which provide important guidance
cues for axon growth (Lance-Jones and Dias, 1991), rather than in the
myotubes themselves. Similarly, Tcf4, a transcription factor that is
essential for normalmuscle patterning in the hindlimb, is expressed inmesodermal cells independently of the muscle cells. The two
expression patterns are not identical however, as Tcf4 appears earlier
than Raldh2 and has a broader, nearly uniform distribution within the
limb (Kardon et al., 2003). It is possible that retinoid signaling, like
Tcf4, is involved in regulating muscle patterning, but more speciﬁcally
patterns subsets of muscles (e.g., fast vs. slow).
The close association of outgrowing axons and Raldh2 message
suggests that axon growth and Raldh2 expression in hindlimb are
related. The onset, distribution and abundance of Raldh2 transcripts
were normal in denervated hindlimbs. Thus, motor axons are not
required to induce or promote Raldh2 expression in hindlimb, in
contrast to their role in the wing (Berggren et al., 2001). Instead, we
found that perturbing retinoid signaling alters the timing and
patterning of axon growth into the hindlimb. It will be of interest to
determine whether retinoid signaling also regulates the waiting
period in the wing, since in mouse retinoid signaling appears to have
different functions in fore- and hindlimbs (Mic and Duester, 2003;
Niederreither et al., 2002).
Because retinoic acid levels in vivo are normally quite tightly
regulated by feedback mechanisms, such that exogenous RA alters
both production and degradation of endogenous RA (Dobbs-
McAuliffe et al., 2004; Martinez-Ceballos and Burdsal, 2001;
Reijntjes et al., 2003; Sen et al., 2005), we were unable to assess
the actual magnitude of the changes in retinoid signaling that were
effected by our treatments. Nevertheless, we clearly were able to
locally alter RA levels in the limb, since exogenous RA promoted
precocious axon growth in the limb and altered the pattern of
ingrowth, whereas RA synthesis inhibitors reduced axon growth in
the limb. Together these ﬁndings provide strong support that
retinoid signaling plays an important role in governing axon growth
into the hindlimb.
Differential effects of RA on motor and sensory axon growth
Both motor and sensory axons leave the plexus region and enter
the limb precociously in the presence of early exogenous RA in the
limb. In contrast, RA enhanced neurite outgrowth only from motor
neurons in vitro, with no obvious effects on sensory neurons. These
observations suggest that in vivo only the motor growth cones
responded directly to the exogenous RA, with sensory axons entering
the limb precociously simply because their growth cones follow the
outgrowing motor axons, as they do during normal development and
following experimental manipulations (Landmesser and Honig, 1986;
Scott, 1988; Wang and Scott, 1997).
The failure to observe a direct effect of RA on sensory neurite
growth in vitro contrasts with ﬁndings in several other studies. This
discrepancy most likely results from differences in the age of sensory
neurons examined. Here we analyzed RA effects on neurons from St.
23.5–25 (E4.5–5) embryos, stages when DRG neurons are still being
generated (Carr and Simpson, 1978) and few sensory axons have left
the plexus region (Wang and Scott, 2000). In contrast, studies
showing that RA enhances sensory neurite outgrowth involved
DRGs from older embryos (Corcoran et al., 2000; Haskell et al.,
1987) or adults (So et al., 2006). It is possible that RA increases sensory
neurite outgrowth only at later stages in embryonic development,
much like the age-related effects of nerve growth factor on trigeminal
ganglion neuron arborization (Scott and Davies, 1993). Interestingly,
RA-responsive DRG neurons selectively up-regulate expression of
RARβ2 transcripts upon exposure to RA in vitro (Corcoran et al., 2000;
see also Lu et al., 1997). RARβ2 appears to play a major role in the
induction of neurite outgrowth in a variety of neuron types (Corcoran
et al., 2000; Corcoran et al., 2002; Dmetrichuk et al., 2005; So et al.,
2006). Perhaps at the early embryonic stages we studied sensory
neurons were not yet capable of up-regulating RARβ2, a property they
acquire only after initial exposure to RA once they enter the limb (cf.
Vogel and Davies, 1991).
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directly that RA can promote growth of motor axons, either in vivo or
in vitro. Motor axons fail to grow toward the periphery in vitamin A
deﬁcient (VAD) quail embryos (Maden et al., 1998a; Wilson et al.,
2003), a ﬁnding that suggests that retinoids promote motor axon
growth during embryonic development. However, due to the myriad
effects of RA on CNS patterning (Maden, 2006; Wilson et al., 2004;
Wilson et al., 2003; see also Sen et al., 2005), both the spinal cord
(Wilson et al., 2004) and motoneuron development (Wilson et al.,
2003) are severely compromised in VAD embryos, confounding
interpretation of these observations.
Several other studies have shown that RA not only promotes
(Corcoran et al., 2002; Dmetrichuk et al., 2005; Maden et al., 1998b),
but also attracts (Maden et al., 1998b; see also Dmetrichuk et al., 2006)
neurite outgrowth from spinal cord neurons in vitro, but the identity
of the neurons was not determined. In one case the ventral cord,
whichwould include themotoneurons, was speciﬁcally excluded from
the cultures (Maden et al., 1998b). In initial studies we veriﬁed that the
majority of axons that grew out of ventral spinal cord explants were
indeed motoneurons either by retrogradely labeling motoneurons
with DiI prior to dissecting the explant or by labeling explants with
antibody SC1, which selectively marks DRGs andmotoneurons at early
stages (Tanaka et al., 1991) (data not shown). Thus, we are conﬁdent
that the RA-enhanced neurite outgrowth from ventral cord was
indeed from motoneurons. The failure to observe chemoattraction of
motor axons to RA-treated beads either in vivo or in vitro could
represent a true difference among neuronal populations or a technical
difference in experimental design.
Our in vitro studies show that RA itself can directly promote motor
axon growth, presumably by diffusing through the growth cone
membrane, binding to nuclear RARs to regulate transcription of genes,
which subsequently enhance axon growth (reviewed in Clagett-Dame
et al., 2006). In vivo, however, it is likely that RA in the limb also
triggers a cascade of signaling events in adjacent mesenchymal tissue
that alter the limb environment. For example, perturbing RA levels in
the limb alters expression of a number of genes involved in patterning
the limb along both the anteroposterior and dorsoventral axes
(reviewed in Lee et al., 2004; Stratford et al., 1999). The formation of
a seemingly normal dorsal and ventral muscle masses, and the proper
dorsal segregation of EphA+ axons in the limb suggest that limb
patterning was not grossly perturbed in our studies. Nevertheless, it is
possible that exogenous RA diminished expression of molecules
reported to inhibit axon egress from the plexus region, such as Eph4
(Sahin et al., 2005) or sema3A (Huber et al., 2005), allowing axons to
enter the limb precociously. Alternatively, increasing RA signaling in
the limb may have triggered an increase in growth promoting
substrata or chemoattractants in the limb.
Thus, it is likely that during normal development retinoid signaling,
which is initiated near the end of the waiting period, regulates the
timing and pattern of axon ingrowth by multiple mechanisms that
involve the direct promotion of axon growth, reshaping cartilaginous
barriers, and other as yet undetermined alterations of the limb
environment.We interpret our ﬁndings to indicate that early exposure
of the limb to retinoid signaling accelerates the appearance of these
important mechanisms. An elucidation of the relative importance of
these mechanisms, as well as the genes that are involved, awaits
further study.
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